Abstract-Permanent
Integral and proportional (PI) speed observer controller
II. INTRODUCTION
Recently, permanent magnet synchronous motor (PMSM) are most widely used for high performance variable speed in many industry applications, due to its high efficiency, high ratio of torque to weight, high power factor, faster response and rugged construction, They have increasingly been used in electrical vehicles, aircraft, nuclear power stations, submarines, robotic applications, medical and industrial servo drives. In some of the industry applications, continuous operation is necessary and thus a breakdown of the PMSM drive is unacceptable.
Early detection of abnormalities in the PMSM will help to avoid expensive failures. Indeed, the detection, location, and analysis of faults play a very important role in good operation of the electrical drives and they are essentials for major concerns such as the efficiency and the performance of applications involving PMSM.
Generally, the improvement of the reliability of the PMSM can be obtained by reinforced performance during operation and by implementation security procedures [2] . In recent years, a number of papers have been published to detect inverter faults occurred in PMSM drives [3] - [12] . These faults types can be occurred in stator, rotor PMSM or in the power electronics converter. In [1] , [3] , [4] , the authors have studied stator faults and single-phase for open circuit faults. The short-circuit faults have been investigated in [6] - [8] , using a fault tolerant controller. The rotor faults have been demonstrated in [9] . Open-circuit faults and IGBT gate signals are turned off in voltage source inverter as shown in [9] , [10] .
This paper presents a study of the occurrence of open phase faults detection in PMSM drives. The method used for detection of open phase faults is based on phase of the stator current or by the current signature analysis. The phase angle of α-β axis stator currents are measured by the phase fault occurs, the phase angle of α-β axis stator currents of a faulty phase measured by the DFT is rapidly 
I. PMSM DRIVES SYSTEM
Let we develop the state space model of the PMSM in a synchronous reference frame. Fig. 1 shows a general purpose of three-phase inverter fed PMSM drive. 
The machine voltages in the d-q system are:
Where p N is the number of pole pairs, the electromagnetic torque developed by the motor can then be expressed as:
The VFOC of PMSM allows separate closed loop decoupling control of both flux and torque. It is apparent that if we can control d-axis current to be zero, then the torque is directly proportional to q-axis current. Therefore from equation (9) it can be seen that the torque is dependant and can be controlled by the q-axis current only given as follows:
Finally, we can see that the decoupling technique transforms the nonlinear motor model to a linear one which can be controlled by the PI current loop controllers.
The SVM consists, to approach two voltages instantaneous, by control signals of the switches. The main advantage of this technique is that the switching losses are low; the harmonic performance is improved and produces an improved output voltage for the same dc bus voltage, when compared to a sinusoidal PWM (SPWM).
II. PROPOSED OPEN PHASE FAULTS DETECTION
An open phase fault occurs if a phase is interrupted by some failure. In this case, the PMSM continues under degraded operation mode. So, an open phase fault involves making possible the operation in tolerant fault control of PMSM drive [11] , [12] . This operation mode is not desirable and can cause a destruction of the stator phase winding. Therefore, we are interested in this default type for the determination of signatures to allow the detection and the localization of the open phase fault.
A. Discrete Fourier Transform phase analysis
The proposed methodology used for open phase faults detection and localization is based on the phase angle of stator current's Concordia component (i α , i β ). The signatures used for fault detection and diagnosis are usually the stator three-phase current. These currents are measured by the current sensors. Concordia transformation is used to transform the stator three-phase current i a , i b and i c into α-β axis.
With the system shown in Fig. 1 , at first the a-phase stator winding is open, and the α-β axis stator currents is synthesized by a SVPWM inverter as follows: 
A simple description of these equations is that the complex numbers X k represent the amplitude and phase of the different sinusoidal components of the input signal x n . The DFT computes the X k from the x n , while the IDFT shows how to compute the x n as a sum of sinusoidal [
In the same way, by writing k X in polar form, we obtain the sinusoid amplitude A k / N and phase φ k from the complex modulus and argument of X k , respectively: 
The α ϕ and β ϕ phase angle of α-β axis stator currents is given by The topology of the examined inverter is given in Fig.1 , with a fault in switch 1 indicated by an open gate connection. In case of an open circuit fault, the line currents behave characteristically. Since the faulty transistor cannot conduct any current, the line current can only be positive or negative, depending on which transistor is damaged. According to the obtained experimental results we note that the stator current's Concordia components phases ϕ α and ϕ β change when an open phase fault appears. We tested all possible open phase faults and we concluded that variations in phase ϕ α and ϕ β differ from case to case. We have tested several times and we have noticed that Δϕ α =ϕ αfail -ϕ αsafe and Δ ϕ β =ϕ βfail -ϕ βsafe are independent of the initial phase and load variations. The results for all possible cases of open phase faults are summarized in Table I.   TABLE I  RANGE OF 
III. EXPRIMNTAL RESULTS

C. Experimental Setup
A schematic representation of the experimental setup used for discrete Fourier transform phase is displayed in Fig.  15 . These algorithms are characterized by repetitive mathematical computation at high-speed, similar to this application where the mathematically intensive field oriented control and space vector modulation algorithms must be run within every 150 μs sampling period (T s ). A schematic representation of the experimental setup used for open phase fault detection is displayed in Fig. 5 . To verify the proposed open phase faults detection in PMSM, a simulation program and the laboratory setup with 1.1-kW permanent magnet synchronous motor (SMV UM 115 from Leroy-Sommer). This characteristics are listed in Table IV , is used with a 4096-pulse incremental encoder, and the magnetic powder brake used as load torque, a commercial 20 KVA three phase inverter based on insulated-gate bipolar transistor (IGBT from SEMIKRON) is supplied by DC bus voltage which provides 540 V with current limitation of about 30A, with dSpace DS1103 laboratory control board was constructed (Fig.4) . The DS1103 PPC is a very flexible and powerful system featuring both high computational capability and comprehensive I/O periphery. Additionally, it features a software interface that allows all applications to be developed in the Matlab/Simulink environment. The system is based on Motorola Power PC604, the DSP subsystem, based on the Texas Instruments TMS320F240 DSP fixed-point processor, the DSP provides 3-phase SVPWM generation making the subsystem useful for drive applications. Two LEM current sensors (LEM LA 100P) are used. A schematic representation of the experimental setup used for signature analysis is displayed in Fig. 5 . Fig. 2 . The instantaneous torque for the faulty PMSM drive can be seen in Fig. 7 . This fault may also produce a small torque ripples. During the acceleration, the maximum q-axis stator current reaches to 2 A. Except for the transition during the first, the d-axis controlled keeps the d-axis current at zero. When t = 4.6 s, a load torque is applied and we can observe that the qaxis stator current is directly proportional to the electromagnetic torque, while the d-axis current oscillate within 1.2 A and -1.2 A with an average value equal to zero as shown in Fig. 8 . The open-phase fault produces electromagnetic torque oscillations which cause abnormal rotor vibrations and give abnormalities in the drive's operation. Fig.  11 . By using the stator current's Concordia components phases ϕ α and ϕ β , the detection time is less than 10 ms.
The detection of these faults can be implemented by using the phase angle or checking the trajectory of the vector in α−β axis because the phase plane plot for each open phase is unique [12] . Fig. 11 shows the trajectories for healthy conditions which are plotted for the stator current. This is confirmed by Fig. 12 , in which the locus of the phase current vectors is drawn in the plane, one can recognize a circle centered on center with a radius of 2.5 A. Fig. 12 shows the phase plane plot of the stationary reference frame α and β axis components of the stator currents for the open b phase case. It is observed in the trajectories that one can recognize a right-hand. It is observed in the trajectories that one can recognize a left-hand and right-hand respectively. A second test is performed in Fig.13 which presents the same waveforms that the previous test, but in this case, the open-circuit fault is applied in the phase b. Fig.14 shows the fault identification result. Fig. 15 shows the reference and measured rotor speed with a reference one of 500 rpm. The open phase fault of phase b occurs at t = 4.5 sec. At time t = 5 s, the load torque is applied. Moreover, in this experiment, it has been observed that the phase angle of α-β axis stator currents is not affected by the load change, since it remains in the same band for permanent operating conditions, a load change and a no-load condition. 
Fault occurence
Here, it is clear that the DFT algorithm detects and identifies the faulty phases even during the load change. Therefore, it is clear that, by using this criterion, the DFT strategy can be affected during load change which them leads to false alarms. The different experimental results are presented to show the performance of the proposed method. The advantage of this method is well identified as a standard today since it is very simple, it needs only one current sensor by machine and it is based on the stator currents signal. 
IV. APPENDIX
